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Influence of Adhesion and Bacteriocin Production by Lactobacillus
salivarius on the Intestinal Epithelial Cell Transcriptional Response
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Department of Microbiology® and Alimentary Pharmabiotic Centre,® University College Cork, Cork, Ireland

Lactobacillus salivarius strain UCC118 is a human intestinal isolate that has been extensively studied for its potential probiotic
effects in human and animal models. The objective of this study was to determine the effect of L. salivarius UCC118 on gene ex-
pression responses in the Caco-2 cell line to improve understanding of how the strain might modulate intestinal epithelial cell
phenotypes. Exposure of Caco-2 cells to UCC118 led to the induction of several human genes (TNFAIP3, NFKBIA, and BIRC3)
that are negative regulators of inflammatory signaling pathways. Induction of chemokines (CCL20, CXCL-1, and CXCL-2) with
antimicrobial functions was also observed. Disruption of the UCC118 sortase gene srtA causes reduced bacterial adhesion to
epithelial cells. Transcription of three mucin genes was reduced significantly when Caco-2 cells were stimulated with the AsrtA
derivative of UCC118 compared to cells stimulated with the wild type, but there was no significant change in the transcription
levels of the anti-inflammatory genes. UCC118 genes that were significantly upregulated upon exposure to Caco-2 cells were
identified by bacterial genome microarray and consisted primarily of two groups of genes connected with purine metabolism
and the operon for synthesis of the Abp118 bacteriocin. Following incubation with Caco-2 cells, the bacteriocin synthesis genes
were transcribed at higher levels in the wild type than in the AsrtA derivative. These data indicate that L. salivarius UCC118 in-
fluences epithelial cells both through modulation of the inflammatory response and by modulation of intestinal cell mucin pro-
duction. Sortase-anchored cell surface proteins of L. salivarius UCC118 have a central role in promoting the interaction between

the bacterium and epithelial cells.

he intestinal microbiota of humans is a dynamic community

of several thousand phylotypes that changes in composition
throughout the life span and also in some disease states (reviewed
in reference 33). While the link between the microbiota and con-
ditions such as obesity (23), colitis (15), and irritable bowel syn-
drome (19) is not yet understood at a precise mechanistic level,
some elements in the microbiota have been shown to exert direct
anti-inflammatory activity in animal models (41). Elucidating the
mechanistic details of the interaction between the innate immune
system and the commensal intestinal microbiota is crucial if the
molecular basis for the anti-inflammatory effects of the gut micro-
biota is to be understood. In addition, in order to rigorously val-
idate the efficacy of putative probiotic bacteria, it is necessary to
identify biomarkers for probiotic function that may be used to
demonstrate that a particular product is effective (31).

The primary site of interaction between the host immune sys-
tem and the gut microbiota is the intestinal epithelium, which is
one cell thick and which forms a physical barrier between the gut
contents and the immune cells in the underlying lamina propria
(50). The epithelium consists of several different types of differ-
entiated epithelial cells, the most predominant of which is the
enterocyte, which forms the structural epithelium in which the
other cell types are located. Secreted mucins are a significant factor
in restricting access of bacterial cells to the epithelial cells (21). The
secreted mucin layer covers the epithelia of the stomach, the small
intestine, and the colon (26). One of the main functions of the
mucin layer is to limit contact between microbes present in the
intestinal lumen and the epithelial cells. Sampling of the intestinal
bacteria through the epithelium occurs via specialized epithelial M
cells and dendritic cells (12). The main functions of enterocytes
are digestion and barrier function, thus maintaining intestinal ho-
meostasis. The tight-junction complexes between neighboring
enterocytes are required to maintain this cell-cell barrier function.
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Increased intestinal permeability, where there are reduced tight-
junction complexes, is associated with chronic intestinal inflam-
mation under conditions such as ulcerative colitis (UC) or
Crohn’s disease (CD) (20), and these conditions are often charac-
terized by the presence of higher numbers of bacteria in associa-
tion with the epithelium (17, 44). It has been reported that some
probiotic bacteria modulate mucin gene expression, which could
enhance the barrier function of the mucus layer (6).

The ability to adhere to the intestinal epithelium is critical for
probiotic function, and laboratory adhesion assays using cultured
epithelial cells are a common means of assessing this putative pro-
biotic functionality of a particular strain (13, 28, 54). Bacterial
surface proteins are reported to have a role in the adhesion of
probiotic bacteria to the host intestinal cells (4, 47). One class of
bacterial surface proteins is those anchored by the sortase enzyme
(29). A srtA deletion mutant of Lactobacillus salivarius UCC118
adhered to Caco-2 cells (47) and AGS gastric cells (36) at signifi-
cantly lower levels than the wild-type strain. The sortase-depen-
dent proteins of UCC118 have previously been studied in our
laboratory (47), and they include two mucus binding proteins,
LspA (Is]_0311) and LspC (Is]_1335), and a third (Is]_0152) thatis
encoded by a pseudogene. These gene products, in particular,
could contribute to colonization of the intestinal epithelium in
vivo through interaction with the epithelial mucus layer.

Recent studies have described the effect of Lactobacillus plan-
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tarum on intestinal gene transcription in vivo and reported that a
number of NF-kB modulation pathways were induced (46). How-
ever, the precise nature of the response depended on the growth
phase of the cells, with dead or stationary-phase bacteria being
more efficient at eliciting an anti-inflammatory response. Another
study compared Lactobacillus acidophilus, Lactobacillus casei, and
Lactobacillus rhamnosus using a similar infusion and sampling
protocol. Each individual species elicited a distinctive immune
response, but the differences between the responses elicited by the
same species in different subjects were greater than the variation
between the responses to different strains in the same subject (45).

An alternative model uses cultured epithelial cells. For exam-
ple, exposure of Caco-2 epithelial cells to L. rhamnosus induced
NEF-kB regulatory pathways (22) and also inhibited IkBa degra-
dation and decreased tumor necrosis factor alpha (TNF-a)-in-
duced interleukin 8 (IL-8) secretion (53). In the intestinal epithe-
lial cell (IEC) line HT-29, several anti-inflammatory effects were
identified, including a reduction of TNF-a-induced IL-8 secretion
by Lactobacillus bulgaricus (1) and modulation of Toll-like recep-
tor (TLR) expression, together with induction of innate immune
system pathways by L. plantarum and L. rhamnosus GG (49).
These and other studies indicate that while it is a relatively simpli-
fied model (compared to in vivo studies) for studying commensal-
epithelium interactions, the use of cultured IECs remains an
indispensable method of investigating probiotic-epithelium in-
teraction, particularly where multiple strains are to be screened.

L. salivarius UCC118 was originally isolated from the terminal
ileum of a healthy patient. The strain has been extensively studied
as a potential probiotic organism, and there have been a number
of reports of beneficial effects, including anti-infectivity (9), anti-
inflammation (39), amelioration of the effects of induced rheu-
matoid arthritis (RA) in mice (38), and reduction of Helicobacter
pylori-induced IL-8 secretion by AGS gastric cells (37). To inves-
tigate the molecular basis for altered host phenotype, we used
microarrays to measure differential gene expression in both epi-
thelial and bacterial cells following exposure of L. salivarius
UCC118 to Caco-2 epithelial cells.

MATERIALS AND METHODS

Bacterial strains and growth conditions. L. salivarius UCC118 and its
derivative strains were routinely cultured on deMan, Rogosa, and Sharpe
(MRS) medium (10) at 37°C in the presence of 5% CO,.

The human colonic carcinoma cell line Caco-2 (ATCC HTB-37) was
grown on Dulbecco’s modified Eagle’s medium (DMEM) (35) supple-
mented with fetal bovine serum (10%) and nonessential amino acids
(1%); penicillin (100U/ml) and streptomycin (100 mg/ml) were added for
routine cell culture. The cells were grown at 37°C in the presence of 5%
CO,, and when the cells became confluent, the cultures were passaged by
the addition of trypsin EDTA, followed by appropriate dilution in fresh
DMEM.

Exposure of Caco-2 cells to L. salivarius. For measurement of Caco-2
cell transcriptional changes, the cells were grown for 12 days in 6-well
tissue culture plates to allow full differentiation to occur. The cultures
were fed by removing the culture medium by aspiration at 72-h intervals
and replacing it with fresh DMEM. At 12 h prior to addition of the bac-
teria, the medium was aspirated and replaced with antibiotic-free DMEM;
2 h prior to addition of the bacterial cells, the medium was again removed
and replaced by fresh antibiotic-free DMEM. Overnight cultures of L.
salivarius UCC118 and its derivatives were washed twice and resuspended
in phosphate-buffered saline (PBS), and the optical density at 600 nm
(ODyy,) of the suspension was determined. The viable-cell count of the
suspension was estimated from a previously prepared standard curve that
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related optical density to viable-cell numbers, from which it was deter-
mined that a cell suspension with an ODy,, of 1.0 contained 2 X 10°
CFU/ml. Caco-2 cell cultures in 6-well plates were previously determined
to contain, on average, 2 X 10° viable cells per well; the amount of bacte-
rial suspension added was adjusted so that a multiplicity of infection
(MOI) of 10:1 was achieved. The plates were incubated at 37°C for 4 h in
the presence of 5% CO.,, after which the growth medium was removed by
aspiration and the epithelial cells were lysed by the addition of 1 ml of
Trizol. The Trizol lysates were frozen at —70°C until they were required.

For the measurement of bacterial gene transcription, the Caco-2 cells
were seeded in T75 tissue culture flasks and grown for 12 days to allow
complete differentiation. The medium was changed twice to remove all
traces of antibiotics prior to addition of the bacteria. A higher MOI of
100:1 was used to ensure that bacterial cell numbers were high enough to
give sufficient yields of RNA, and the cultures were harvested following 90
min of exposure by aspirating the DMEM and replacing it with 2 ml of
RNAprotect reagent (Qiagen). The tissue culture monolayer was scraped
into suspension using a cell scraper and placed in a microcentrifuge tube
in 1-ml aliquots. The tubes were centrifuged, excess RNAprotect was re-
moved, and the pellets were frozen at —80°C until they were required.

RNA extraction. RNA was extracted from all samples using Trizol
reagent. For the Caco-2 cells, RNA was extracted from the TRIzol lysates
by adding 0.5 ml of glass beads and 200 pl chloroform to the lysate in a
screw-top microcentrifuge tube and homogenizing for 40 s in a Bead-
Beater (Bio-Spec). The tubes were then centrifuged at maximum speed in
a microcentrifuge tube for 10 min, after which the upper layer was re-
moved and mixed with ethanol to obtain a final concentration of 35%
(vol/vol) ethanol, and the tubes were mixed thoroughly. The ethanol-
lysate mixture was applied to a purification column from a Totally RNA
Isolation Kit (Agilent) and centrifuged to bind the RNA to the column.
The manufacturer’s protocol was followed for the remainder of the isola-
tion. The eluted RNA was frozen at —80°C until it was required. cDNA
was synthesized from the RNA using Moloney murine leukemia virus
(MMLV) reverse transcriptase (Fermentas).

To extract RNA from the pelleted bacterial cells in RNAprotect, the
pellets were resuspended in 250 wl Tris-EDTA (TE) buffer containing 10
mg/ml lysozyme and 25 units of mutanolysin and incubated for 45 min at
37°C. Following incubation, 750 wl of Trizol LS was added to the lysis
buffer together with 0.5 ml of acid-washed glass beads. The mixture was
subjected to 3 40-s cycles of mechanical disruption in a bead beater with
incubation on ice between every 2 cycles of homogenization. Following
homogenization, 200 pl of chloroform was added, and the mixture was
shaken, followed by centrifugation at 13,200 rpm for 15 min in a micro-
centrifuge. The upper phase was removed, and 100% ethanol was added to
a final concentration of 35%, followed by thorough mixing. The mixture
was added to an RNA purification column from an Agilent/Stratagene
Totally RNA isolation kit, and the manufacturer’s instructions were fol-
lowed as described above. cDNA was synthesized using MMLV reverse
transcriptase (Fermentas).

Microarray hybridization and analysis. Labeling of cDNA with Cy3
and Cy5 dyes for use in microarray experiments was done using a chem-
ical labeling kit (Kreatech) following the manufacturer’s instructions. The
efficiency of labeling was determined using a NanoDrop spectrophotom-
eter. Labeled cDNA was either used immediately or stored at —80°C until
it was required. Slides were hybridized for 16 h at 55°C and scanned using
an Agilent Microarray Scanner System (G2505B) with Agilent scan con-
trol software version 7.0 for the 44K microarray at a resolution of 5 pm.
Agilent feature extraction software version 9.1 was used to process the
image file from the scanner, and the extracted data were further processed
using an in-house microarray transform platform that performed the fol-
lowing manipulations. (i) The replicate values for each gene were com-
bined, and the mean was calculated. (ii) Outliers were identified using the
Grubbs test as follows: the Z value, (Imean — xI)/SD, where x is the ratio of
a spot and SD is the standard deviation, was calculated; if the Z value was
greater than (1 — 1)/n?, where  is the number of spots analyzed, then the
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TABLE 1 Primers used in this study

Gene name Forward primer 5'-3' Reverse primer 5'-3’ Probe no.”
BIRC3 GATGAAAATGCAGAGTCATCAATTA CATGATTGCATCTTCTGAATGG 80
TNFAIP3 TGCACACTGTGTTTCATCGAG ACGCTGTGGGACTGACTTTC 74
CCL20 GCTGCTTTGATGTCAGTGCT GAAGAATACGGTCTGTGTATCCAA 39
MUC3A CAGTCCCCCAGCCCTAAA TATACCTTGCTAGGGACCAGGA 55
MUCI2 CCTGGAAACCTTAGCACCAG GACAGACGCATTGTTTTCCAT 72
MUC5AC AGCACCAGTGCCCAAGTCT ACTCCTGGCAGTCCATGC 43
NFKBIA GCTGATGTCAATGCTCAGGA ACACCAGGTCAGGATTTTGC 86
CXCL1 CATCGAAAAGATGCTGAACAGT CTTCAGGAACAGCCACCAGT 52
CXCL-2 CCCATGGTTAAGAAAATCATCG CTTCAGGAACAGCCACCAAT 69
ACTB ATTGGCAATGAGCGGTTC TGAAGGTAGTTTCGTGGATGC 11

@ Probe number refers to the hydrolysis probe from the Roche Universal ProbeLibrary system used with each primer pair.

spot was an outlier. (iii) The P value for each gene was calculated using a
cyber ftest (2). The parameters for the cyber ¢ test were as follows: a Bayes
t test was used with a beta fit of 1, a win size of 101, and a confidence level
of 10. The log-transformed mean from the cyber # test was then converted
to nonexponential numbers to give a fold value for up- or downregula-
tion. Genes were selected as being significantly changed in expression if
their fold change in the Cy3/Cy5 ratio was >2 and where the P value
was <<0.0001.

The human genome microarrays used for this study were Agilent
whole human genome (4X44K) microarrays (catalog number G4112F).
The L. salivarius microarrays were Agilent custom microarrays with 3
probes per gene and 7 replicates per probe. All microarray results are the
means of a minimum of at least 3 biological replicates.

Quantitative reverse transcription (qRT)-PCR confirmation of
changes in gene expression. The nucleic acid concentration was quanti-
fied using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific).
c¢DNA was synthesized using 300 ng of RNA incubated with 3.2 pg of
random hexamers, 0.5 .l of Transcript Reverse Transcriptase (Roche), 0.5
wl of Protector RNase inhibitor, I mM deoxynucleoside triphosphate
(dNTP) mixture, and 4 pl of Transcriptor RT Reaction Buffer in a final
volume of 20 pl. Template and random primers were incubated at 65°C
for 10 min, and then the other components were added and the mixture
was incubated at 55°C for 30 min. Transcript Reverse Transcriptase was
inactivated by heating to 85°C for 5 min.

PCR primers and probes were designed using the Universal Probe-
Library Assay Design Center (Roche). Primers, sequences, and probe
combinations are listed in Table 1.

The B-actin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
and TATA-binding protein (TBP) genes were used as housekeeping genes
to correct for variability in the starting total RNA. Amplification reaction
mixtures contained 2.5 pl of cDNA, 5 pl of 2X SensiMix II Probe Buffer
(Bioline), and 5 pmol/pl (20 nM) of each primer and probe mixture and
were brought up to a total of 10 wl by the addition of RNase-free water.

All reactions were performed in duplicate in 384-well plates on the
LightCycler480 System (Roche). Positive and negative controls were in-

TABLE 2 Genes upregulated in Caco-2 cells in response to UCC118“

cluded in each run. The thermal-cycling conditions applied were those
recommended by the manufacturer (Roche). The 27A5CT method (24)
was used to calculate relative changes in gene expression.

Statistical analysis. Statistical analysis was carried out using Graph-
Pad Prism for Windows (version 5.03; GraphPad Software, San Diego,
CA). Differences between two groups were calculated using an unpaired
Student’s ¢ test. Differences between three or more groups were analyzed
by analysis of variance (ANOVA) with Bonferroni’s post hoc test. Differ-
ences were considered significant at a P value of =0.05.

Microarray data accession numbers. The data for all microarray ex-
periments have been deposited in the EBI ArrayExpress database. The
accession numbers for the array data are as follows: E-MEXP-3607 (gene
expression in UCC118 following exposure to Caco-2 cells), E-MEXP-
3616 (gene expression in the AsrtA mutant and UCC118 in response to
Caco-2 cells), E-MEXP-3597 (gene expression in Caco-2 cells following
exposure to UCC118), and E-MEXP-3614 (gene expression in the Caco-2
cells in response to the AsrtA negative mutant).

RESULTS AND DISCUSSION

Exposure to L. salivarius UCC118 alters innate immunity gene
expression in Caco-2 cells. Human genes whose expression levels
changed significantly following exposure to bacterial cells are
listed in Table 2. Although relatively few genes were differentially
expressed, those that passed statistical cutoffs for significance all
have putative roles in the regulation of the innate immune system,
particularly in the downregulation of the NF-kB-mediated re-
sponse through the enhanced transcription of inhibitors of NF-kB
activity. In that regard, the data are resonant with those derived in
vivo by other workers (46), where there was little induction of
specific immune system effector genes, but rather, a number of
regulatory genes were upregulated. Thus, the effect of L. salivarius
on the innate immune phenotype of epithelial cells does not ap-
pear to involve the direct activation of a typical inflammatory

Gene name Biological function Fold change” P value qPCR FC*
CCL20 Chemokine (C-C motif) ligand 20 38.2 2.82E—08 20
CXCL1 Chemokine (C-X-C motif) ligand 1 13.6 9.64E—07 47.22
CXCL2 Chemokine (C-X-C motif) ligand 2 6.4 4.29E—06 4.5
BIRC3 cIAP2; antiapoptosis 6.1 2.27E—-05 6.9
ZC3HI2A RNase; immune regulation 5.7 6.60E—05 ND
TNFAIP3 Negative regulator of NF-kB 5.5 4.89E—07 2.5
NFKBIA Negative regulator of NF-«kB 5.4 1.94E—05 3

“ The cutoff for inclusion was a fold change of >2.0 and a P value of <9.0E—05.
b Fold change, expression ratio between cells exposed to UCC118 and control cells.
“PCR FC, fold change in the qQPCR experiment. ND, not done.
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TABLE 3 Genes differentially regulated in Caco-2 cells exposed to
UCC118 compared to UCC118 srtA”

Gene Name Fold change® P value qPCR FC*
Muc3 15.2 0 5.82
Muc5AC 34 0 —1.31
Mucl2 16 0 1.95

@ The cutoff for inclusion was a fold change of >2.0 and a P value of <9.0E—05.
b Fold change, expression ratio between UCC118 and srtA mutant.
¢ PCR FC, fold change in qPCR experiment.

response but rather the selective induction of an immune-regula-
tory response.

The epithelial gene displaying the greatest expression change
following L. salivarius exposure was CCL20 (also known as mac-
rophage inflammatory protein 3A [MIP3A]), which was upregu-
lated 38.2-fold as measured by microarray and 20-fold by quanti-
tative PCR (qPCR). The substantial upregulation of this gene by L.
salivarius UCC118 accords with previous studies in which
UCCI118 failed to suppress baseline CCL20 production, or patho-
gen-induced induction of CCL20, in HT29 epithelial cells (39).
Another study indicated that L. salivarius UCC118 increased the
secretion of CCL20 in AGS gastric epithelial cells in response to H.
pylori (37). It is thus consistent to say, based on data from the
current investigation and the two earlier studies cited, that induc-
tion of CCL20 is a reproducible response by epithelial cells to
stimulation by L. salivarius UCC118. This raises the intriguing
possibility that induction of CCL20, which is known to have an-

Epithelial Cell Response to Lactobacillus salivarius

timicrobial properties (43, 52), is a probiotic trait of L. salivarius
UCCI118, in which it triggers a host antimicrobial response. Fur-
ther supporting this possibility, the array data showed that the
gene for the chemokine CXCL1 was also substantially upregulated
(13-fold by microarray and 47-fold by qPCR), as was the gene for
another chemokine, CXCL2 (6.4- and 4.5-fold in the array and
qPCR data, respectively). Both of these chemokines have inherent
antimicrobial properties (52) similar to those of CCL20. Further-
more, these chemokines have an important role in neutrophil at-
traction and have been implicated in the prevention of infection in
the lung epithelium (7). Induction of these genes by L. salivarius
UCCI118 may therefore contribute to a generalized activation of
the innate immune response in the epithelium (see below).

The TNFAIP3 gene, which was upregulated 5.5-fold according
to microarray measurements following exposure to UCC118, en-
codes an important immune regulator that has functions in the
negative regulation of NF-kB and apoptosis. Deletion of
TNFAIP3 in mice leads to a plethora of immunological defects,
including increased susceptibility to intestinal inflammation and
rheumatoid arthritis (48). UCC118 has been reported to amelio-
rate the effects of colitis and collagen-induced arthritis in mice
(38), so it is noteworthy that TNFAIP3 has a demonstrated role in
suppressing rheumatoid arthritis and intestinal inflammation. In
addition to the TNFAIP3 gene, two other NF-kB regulatory genes
were upregulated, NFKBIA (5.4-fold) and BIRC3 (6.1-fold).
NFKBIA is one of the most important negative regulators of
NEF-kB in that it interacts directly with the NF-«kB transcription

TABLE 4 Genes differentially regulated in UCC118 during coculture with Caco-2 cells”

Locus tag’ Gene name Biological function Fold change® P value
LSL_0515 purE Phosphoribosylaminoimidazole carboxylase carboxyltransferase subunit 6.8 0
LSL_0516 purK 6.9 0
LSL_0517 purB Adenylosuccinate lyase 2.3 2.23E—08
LSL_0663 purC SAICAR synthetase 6.5 6.11E—15
LSL_0664 purS Phosphoribosylformylglycinamidine synthase 7.1 2.22E—16
LSL_0665 purQ Phosphoribosylformylglycinamidine synthase 5.3 1.47E—12
LSL_0666 purL Phosphoribosylformylglycinamidine synthase II 5.5 0
LSL_0667 purF Amidophosphoribosyltransferase 5.6 0
LSL_0668 purM Phosphoribosylformylglycinamidine cycloligase 6.7 0
LSL_0669 purN Phosphoribosylglycinamide formyltransferase 6.6 0
LSL_0670 purH Bifunctional purine biosynthesis protein PurH 7.2 0
LSL_0671 NA“ Hypothetical membrane-spanning protein 6.6 0
LSL_1908 NA Hypothetical protein 2.0 0.007
LSL_1909 abpD Abp118 bacteriocin export accessory protein 2.4 0.011
LSL_1910 abpT Abp118 bacteriocin export accessory protein 3.1 0.002
LSL_1911 NA Hypothetical membrane-spanning protein 3.7 6.08E—06
LSL_1912 abpR ADbpR response regulator 3.7 2.44E—-07
LSL_1913 abpK Sensory transduction histidine kinase 2.2 0.003
LSL_1914 abpIP Abp118 bacteriocin induction peptide 4.4 1.33E—06
LSL_1915 abpIM Abp118 bacteriocin immunity protein 3.7 5.16E—08
LSL_1916 abp118b Abp118 bacteriocin beta peptide 6.5 1.12E—08
LSL_1917 Abpl18a Abp118 bacteriocin alpha peptide 11.4 4.60E—10
LSL_1918 NA Bacteriocin-like prepeptide 12.9 1.27E—08
LSL_1919 NA Hypothetical membrane-associated protein 1.6 1.03E—08
LSL_1920 NA Bacteriocin-like prepeptide 13.9 4.10E—08
LSL_1921 NA Nonfunctional salivaricin precursor 11.1 8.53E—08
LSL_1922 NA Hypothetical membrane-spanning protein 3.2 0.009

@ The cutoff for inclusion was a fold change of >2.0 and a P value of <0.01.
b Locus tag, UCC118 genome annotation locus tag.

¢ Fold change, expression ratio between UCC118 cells exposed to Caco-2 cells and unexposed UCC118.
4 NA, not applicable.
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factor subunits, p65/p50 heterodimers, sequestering them in the
cytoplasm and preventing their translocation to the nucleus. The
BIRC3 (cIAP2) gene, in contrast, is an NF-kB target gene thatis an
inhibitor of apoptosis and whose expression in epithelial cells is
likely to protect against cytokine-induced apoptosis (51). It has
been demonstrated that mice defective in BIRC3 are more suscep-
tible to dextran sodium sulfate (DSS)-induced colitis (3), so the
induction of BIRC3 gene expression by L. salivarius UCC118 may
be relevant to the previously reported protective effect of this
strain against DSS-induced colitis in mice (38).

The ZC3H12A gene was upregulated 5.7-fold in Caco-2 cells
stimulated with UCC118. The ZC3H12A gene product, MCP-1-
induced protein 1 (MCPIP1), is an important immune regulator
essential for the prevention of lethal autoimmune responses in
mice (25). It has been clearly demonstrated that, in addition to a
macrophage-associated anti-inflammatory function, ZC3H12A
also has a substantial inhibitory effect on NF-«B (40). Upregula-
tion of ZC3H12A expression by epithelial cells in response to
UCC118 is potentially mechanistically relevant to the signaling
involved in the demonstrated anti-inflammatory properties of
UCC118 (30, 38).

The combined induction of the NF-kBIA inhibitor, together
with TNFAIP3 and ZC3H12A, suggests that, although NF-«kaB
target genes, such as that encoding BIRC3 (and the chemokines
CCL20, CXCLI, and CXCL2), are upregulated by UCC118, the
net effect is to tilt the NF-k B regulatory system toward attenuating
the NF-kB response. In this respect, benefits ascribed to probiotics
may function similarly to amelioration of induced colitis, where a
moderate NF-kB response is beneficial in inducing anti-apoptotic
genes, such as BIRC3, while a more severe response would be
harmful. It is becoming apparent that in terms of intestinal pro-
tection, NF-kB activity is in effect a two-edged sword in that a high
level of upregulation leads to profound inflammation but a tightly
regulated level of activity of NF-kB and of its target genes is critical
for proper epithelial function in which the epithelial cells can
mount a measured and proportionate response to commensal mi-
croorganisms (42).

L. salivarius surface proteins are involved in modulating ep-
ithelial mucin gene expression. We compared the epithelial cell
transcriptome elicited by UCC118 with that elicited by an adhe-
sion-impaired mutant (47) in which the gene encoding sortase A,
which is the only sortase present in UCC118, had been deleted.
The only genes differentially transcribed were those encoding
three mucins (Table 3). Surprisingly there was no difference in the
expression levels of the NF-kB regulatory genes following stimu-
lation by wild-type UCC118 or the sortase mutant. The MUC3A,
MUCS5AC, and MUCI12 mucin genes were transcribed at lower
levels following exposure to the bacterial sortase mutant (Table 3).
These MUC genes encode cell surface-associated mucins (11).
This was a surprising result, as upregulation of these mucin genes
had not been observed following exposure to wild-type UCC118
cells. Downregulation of intestinal mucins has been reported for
other gastrointestinal organisms, e.g., H. pylori (5). We can ratio-
nalize altered (reduced) mucin gene expression upon exposure to
UCCI118 cells lacking sortase-dependent proteins if this probiotic
lactobacillus normally has both positive and negative regulatory
effects on mucin gene expression. Thus, with the wild-type strain,
the effect of the sortase-dependent proteins is to upregulate intes-
tinal mucins, but this is counterbalanced by opposing effects from
other cell components, analogous to how L. plantarum can have
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TABLE 5 Genes differentially expressed in UCC118 cells exposed to
Caco-2 cells relative to AsrtA mutant cells exposed to Caco-2 cells”

Locus Gene Fold

tag” name Biological function change® P value

LSL_1908 NA4 Hypothetical protein 1.9 0.002

LSL_1909  abpD Abp118 bacteriocin export 6.1 1.85E—10
accessory protein

LSL_1910  abpT Abp118 Bacteriocin export 7.4 9.39E—12
accessory protein

LSL_1911 NA Hypothetical membrane- 4.7 6.08E—06
spanning protein

LSL_1912  abpR AbpR response regulator 4.8 1.05E—09

LSL_1913  abpK Sensory transduction 3.7 2.33E—09
histidine kinase

LSL_1914  abpIP Abp118 bacteriocin 4.2 1.52E-07
induction peptide

LSL_1915  abpIM Abp118 bacteriocin 4.8 8.8E—14
immunity protein

LSL_1916  abpl18b  Abpl18 bacteriocin beta 10.8 6.11E—15
peptide

LSL_1917  abpli8a  Abp118 bacteriocin alpha 11.7 2.18E—09
peptide

LSL_1918 NA Bacteriocin-like 13.3 4.35E—10
prepeptide

LSL_1919 NA Hypothetical membrane- 2.0 49E—11
associated protein.

LSL_1920 NA Bacteriocin-like 17.1 1.1IE—10
prepeptide

LSL_1921 NA Nonfunctional salivaricin 13.6 4.09E—10
precursor

LSL_1922 NA Hypothetical membrane- 7.3 1.45E—13

spanning protein

@ The cutoff for inclusion was a fold change of >2.0 and a P value of <0.01.

b Locus tag, UCC118 genome annotation locus tag.

¢ Fold change, expression ratio (linear) between UCC118 cells exposed to Caco-2 cells
and AsrtA mutants exposed to Caco-2 cells.

4 NA, not applicable.

both proinflammatory and anti-inflammatory activities (46). It
has been reported that probiotic bacteria increase the synthesis of
cell surface mucins (6) and that modulation of mucin gene expres-
sion is dependent on the adhesion of the bacterial cells. The VSL3
preparation used for that study was a complex mixture of four
Lactobacillus species, three bifidobacterial species, and Streptococ-
cus thermophilus (6). The data presented here provide a single-
strain model to further explore this phenomenon and to test the
effect of lactobacillus adhesion and mucin gene induction on bar-
rier function.

Adhesion to epithelial cells induces L. salivarius bacteriocin
gene expression. L. salivarius genes that displayed significantly
altered expression levels upon exposure to Caco-2 cells are listed
in Table 4. These genes fall into two main categories, those in-
volved in purine metabolism and those involved in the production
of the bacteriocin Abp118. The expression level of purine metab-
olism genes is known to be affected by numerous environmental
factors, and these genes are often differentially expressed in mi-
croarray experiments with lactobacilli (27). All the genes within
the Abp118 bacteriocin operon were upregulated, ranging be-
tween 3.7- and 13.9-fold. Comparison of the gene expression pro-
files of the UCC118 wild type and srtA mutant upon exposure of
both strains to Caco-2 cells (Table 5) revealed that the bacteriocin
operon was differentially expressed in the wild type only. The fold
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FIG 1 Schematic summary of the proposed protective mechanism of L. salivarius UCC118 on the intestinal epithelium. In the normal (undamaged) epithelium,
the commensal bacteria are prevented from reaching the epithelial cells by the mucus bilayer. In a damaged epithelium, the integrity of the mucus layer is lost,
and UCCI118 can interact directly with the epithelial cells, with resulting induction of genes for chemokines and anti-inflammatory regulators in the epithelial
cells and induction of the genes for Abp118 bacteriocin in the L. salivarius UCC118 cells.

difference in Abp118 gene transcription between the wild-type
UCC118 and the sortase mutant (Table 5) is in the same range as
the fold expression difference between UCCI118 cells exposed to
Caco-2 cells and nonexposed UCC118 control cells. This suggests
that the sortase-mediated adhesion to Caco-2 cells is the primary
trigger for increased bacteriocin gene transcription. We have not
observed any significant differences between bacteriocin gene ex-
pression in the wild type and the AsrtA mutant when grown in
MRS broth and tested by qPCR (data not shown), supporting the
theory that the bacterial cell-epithelial cell interaction mediated by
the sortase-anchored proteins is key for the induction of bacteriocin
production. Mechanistically, this could be explained by adhesion
causing a sufficiently high local concentration of induction pep-
tide to trigger Abp118 production, since this quorum-sensing
mechanism is encoded by the Abp118 operon (14).

Localized induction of bacteriocin production by adhesion to
mucosal surfaces could be relevant for probiotic effects (reviewed
in reference 34), including playing a role in the anti-infective ac-
tivity shown by UCC118 in models of enteric pathogenesis (9).
There is also evidence that L. salivarius strains isolated from dif-
ferent intestinal sources produce different variants of the bacteriocin
salivaricin from the same genetic locus, suggesting that bacterio-
cin production in L. salivarius has evolved in a host-specific man-
ner (32). In addition to the anti-infective effect, it is possible that
enhanced bacteriocin production may aid colonization of the bac-
teriocin producer. This has been demonstrated for a number of
bacteria, including Escherichia coli, where colicin producers were
more persistent than nonproducers (16), and Streptococcus mu-
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tans, where a mutant with enhanced mutacin production was
more successful at colonizing the oral tract than the wild-type
strain (18). UCC118 is strongly adherent to epithelial cells (47)
and is known to be able to persist in the gut for a substantial length
of time after ingestion (8). The induction of bacteriocin gene ex-
pression reported here is likely to enhance the colonization poten-
tial of L. salivarius through inhibition of competing organisms and
may well be a factor in the persistence of UCC118 in the gastroin-
testinal tract (GIT). Bacteriocins may also function as signaling
molecules that could directly influence the host immune system;
for example, bacteriocin genes have been identified in L. planta-
rum among a group of genes that are implicated in influencing
epithelial gene transcription (27).

Conclusions. The data accrued in this study have been inte-
grated into a model (Fig. 1) illustrating the relevant proposed
mechanisms. It could be argued that L. salivarius cells in the intes-
tine might be restricted from contacting the epithelium, so the
transcriptional response observed in cell culture systems would be
limited. However, any disruption to the epithelium, including
sloughing off mucus by digesta, would allow intestinal bacteria,
including lactobacilli, to contact epithelial cells in greater num-
bers, which would allow induction of the responses detailed here.
Enhanced mucus production would be accompanied by sortase-
mediated lactobacillus adhesion through the action of the mucus
binding proteins LspA and LspC, bacteriocin production, and lo-
calized competitive exclusion of bacteriocin-sensitive pathogens
(Fig. 1). It is conceivable that commensal bacteria, such as
UCCI118, with proven colonization and persistence, effectively act
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as “sentinels,” conditioning the epithelium for possible exposure
to pathogens or other inflammatory stimuli. Through their pres-
ence in substantial numbers in the mucus layer, they are able to
trigger protective immune responses in epithelia following dis-
ruption of this layer or the underlying epithelium.
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